ABSTRACT
D
endritic cells (DCs) and macrophages are key target cells for HIV-1, and are both found in all the tissues of the anogenital tract that make up the portals of virus entry (1, 2) . Langerhans cells (LCs) represent the first line of contact between HIV-1 and the immune system in tissues containing a stratified squamous epithelium and can efficiently transfer the virus to T cells (3) . They have recently been shown to take up HIV-1 within 15 to 60 min of exposure in vagina (4) or foreskin (5) . Similarly, lamina propria DCs have recently been shown to transport HIV across the colonic mucosa (6, 7) . Similarly, rectal and anal macrophages are also susceptible to HIV-1 infection (8) . These cells also represent the first opportunity for the virus to interfere with innate recognition, and we have previously shown that human DCs and macrophages both fail to produce type I IFNs in response to HIV-1 (9, 10) .
A key function of the innate immune system is the secretion of IFNs in response to viral infection. These antiviral cytokines consist of three families: type I (IFN-␣, -␤, -ε, -, and -), type II (IFN-␥), and type III (IFN-1 to 3). Type I and III IFNs are secreted by a variety of cell types at the sites of pathogen entry, whereas type II IFNs are secreted by T cells and NK cells. IFNs bind receptors on surrounding cells, inducing hundreds of IFN-stimulated genes (ISGs), which establishes an antiviral state. Thus, most successful viruses have evolved strategies to evade the induction of these cytokines (11, 12) . IFN-inducing signaling pathways are triggered when pathogens are detected by one of a variety of pattern recognition receptors (PRRs), consisting of Toll-like receptors (TLRs) on the cell surface and in endosomes and RNA-binding RIGI-like receptors (RLRs) or one of a growing number of DNA sensors, both in the cytosol (13, 14) . Binding of these receptors to pathogen associated molecular patterns (PAMPs) triggers the association of one of various adaptor proteins, which then induce the formation of a signaling complex consisting of TNF receptorassociated factor 3 (TRAF3), TANK-binding kinase 1 (TBK1), and IFN regulatory factor 3 (IRF3). TRAF3 then mediates K63-linked polyubiquitination both of itself and of TBK1, which triggers TBK1 autophosphorylation (15) . TBK1 phosphorylates IRF3, which then dimerizes, dissociates from the signaling complex, and translocates to the nucleus, where it binds to specific promoters and induces the induction of type I and III IFNs. Thus, the formation of the TRAF3-TBK1-IRF3 signaling complex is key to the induction of IFNs, and many viruses interfere with it through targeting any of these three proteins, disrupting complex formation or functionality (16) (17) (18) (19) (20) .
A unique feature of lentiviruses such as HIV and simian immunodeficiency virus (SIV) is that they encode a number of multifunctional accessory proteins which have enabled them to evolve strategies to evade the host immune system (21) . HIV-1 encodes four of these proteins, i.e., Vpr, Vif, Vpu, and Nef, while HIV-2 and SIV also encode Vpx. They help overcome inhibition of replication by host restriction factors in myeloid cells (especially DCs and macrophages) and include SAM domain-and HD domain-containing protein 1 (SAMHD1) via Vpx, apolipoprotein B mRNA-editing enzyme and catalytic polypeptide-like 3G (APOBEC3G) via Vif, and tetherin via Vpu. Vpr, Vif, and Vpu also play a key role in interfering with the induction of type I IFNs in T cells (22) (23) (24) (25) by targeting IRF3 for degradation by either the proteasome (Vpr and Vif) (24, 25) or perhaps lysosomes (Vpu) (23, 26) . However, we have previously shown that although DCs and macrophages also fail to produce type I IFNs in response to HIV-1, IRF3 is not degraded in these cells (9, 10) . Thus, the virus must be inhibiting IFN induction via an alternative mechanism, or the cells fail to detect HIV-1. In this study, we present clear evidence that these cells do sense HIV-1 and trigger PRR-activated signal transduction pathways leading to the formation of IFN-specific signaling complexes consisting of TRAF3, TBK1, and IRF3. The exact stage in the signaling pathway that HIV-1 targets to block IFN induction was then identified: blocking the phosphorylation of TBK1. Furthermore, we show that both Vpr and Vif physically interact with TBK1, indicating that HIV-1 blocks IFN induction in myeloid cells via a physical interaction between TBK1 and the accessory proteins Vpr and Vif, which blocks the autophosphorylation of TBK1.
MATERIALS AND METHODS

Preparation of MMDCs and MDMs.
Monocyte-derived DCs (MDDC) and monocyte-derived macrophages (MDMs) were generated from CD14 ϩ monocytes isolated from peripheral blood mononuclear cells (PBMCs) using CD14 magnetic beads (Miltenyi Biotech) as described previously (9, 10, 27) .
Ethics statement. Human whole blood was obtained from the Sydney Red Cross. All samples were from anonymous donors, and IRB approval was obtained to process the samples.
Viral stock preparation. Purified high-titer HIV-1 BaL stocks on the order of 2 ϫ 10 9 50% tissue culture infective doses (TCID 50 /ml) were produced using tangential filter concentration and titrated as described previously (28) (29) (30) . Briefly, SUPT1.CCR5-CL.30 cells (human nonHodgkin's T lymphocyte lymphoma, contributed by James Hoxie at the University of Pennsylvania) were infected with vesicular stomatitis virus G (VSV-G)-pseudotyped p BaL and then passaged for approximately 8 weeks. Twice a week, virus-containing supernatants were harvested and stored at 4°C and fresh feeder cells added. HIV-1-infected supernatants were concentrated using tangential filter concentration using the Millipore Lab scale system (Millipore, Billerica, MA, USA) and 2ϫ Pellicon filters connected in parallel (300 kDa) (Millipore). CD45 ϩ microvesicles were depleted from supernatant using CD45 magnetic beads (Miltenyi Biotech). Virus (18 ml) was incubated at room temperature with 2 ml microbeads for 2 h before addition to the top of a LS column. CD45-depleted virus that flowed through the column were concentrated further by ultracentrifugation with 1 ml underlaid 20% sucrose cushion and centrifuged at 100,000 ϫ g (Beckman Optima XL-100K ultracentrifuge with 70Ti rotor) at 4°C for 90 min. The 50% tissue culture infectious dose (TCID 50 ) values were generated in TZM-BL cells (NIH AIDS Research and Reference Reagent Program, contributed by John Kappes and Xiaoyun Wu) and measured by long terminal repeat (LTR) ␤-galactosidase reporter gene expression after a single round of infection. The endotoxin levels of these virus stocks were below the detectable limit of 0.005 U/ml or 0.0005 ng/ml (Limulus amebocyte lysate assay; Sigma), and testing for residual tumor necrosis factor alpha (TNF-␣), IFN-␣, IFN-␤, and IFN-␥ by enzyme-linked immunosorbent assay (ELISA) (R&D Systems) was negative. Plasmids encoding wild-type HIV-1 NLAD8 or virus with the accessory proteins Vpr, Vif, and Vpu deleted were a kind gift from Jonson Mak (Monash University, Melbourne, Australia) and were used to make pseudotyped HIV-1 virus stocks by cotransfection into HEK293T cells with a plasmid encoding the VSV-G protein. qPCR. Quantitative PCR (QPCR) was carried out at as described previously (9, 10) using a SYBR green master mix (Agilent Technologies) and an Mx3005P thermocycler (Stratagene). The relative quantitation method (⌬⌬C T ) was used to evaluate gene expression and normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) expression.
Immunoprecipitation assays. MDDCs and MDMs were treated with HIV-1 BaL , HSV-2, or Sendai virus or were mock treated. Alternately, HEK293T cells were transfected with mammalian expression vectors encoding TBK1, pBaL, or Vpr using polyethyleneimine (PEI) as previously described (10) . Cells were washed in ice cold phosphate-buffered saline (PBS) and lysed with 30 l/1 ϫ 10 6 cells Phosphosafe lysis buffer (Merck Millipore) containing protease inhibitors. The lysates were incubated for 60 min at 4°C and then centrifuged at 18,407 ϫ g for 10 min to pellet cell debris. Supernatants were transferred to fresh Eppendorf tubes and precleared by incubation with 50 l protein G-agarose beads (50% slurry) (GE Healthcare) for 1.5 h, while an additional 50 l beads (50% slurry) was also incubated with antibody to the protein of interest (anti-TBK1; Cell Signaling) at 4°C for 90 min. Both solutions were centrifuged for 2 min at 1,000 ϫ g to pellet nonspecifically bound lysate and remove excess antibody. Precleared lysates were added to bead-bound antibody, incubated for 3 h or overnight at 4°C, and then washed five times with PBS. The immunocomplexes/lysates were boiled (95°C) for 8 min in 10 l 4ϫ SDS loading buffer with dithiothreitol (DTT) (0.62 mg/10 l loading buffer) per 30 l lysate and then processed for Western blotting.
Western blotting. Western blotting was carried out using lysates derived from MDDCs, MDMs, or transfected HEK293T cells or immunocomplexes derived from immunoprecipitation assays as described previously (9, 10) using a the Turboblotter system (Bio-Rad) and polyvinylidene difluoride (PVDF) membranes. Blots were probed with polyclonal rabbit antibodies directed against K63 ubiquitin, phospo-IRF3, TBK1, phospho-TBK1, IKKε, STING, TRAF3, and GAPDH (Cell Signaling) and mouse monoclonal antibodies directed against IRF3 (provided by Michael Gale, University of Washington), HIV-1 Vpr (Cosmobio), HIV-1 Vif (Abcam), and GAPDH (Abd Serotec).
Immunofluorescence microscopy. Immunofluorescence microscopy was carried out using a DeltaVision microscope as described previously (2, 10) .
PLA. The Duolink proximity ligation assay (PLA) (Sigma) was performed according to the manufacturer's instructions. Cells were permeabilized and then incubated with one of the following pairs of primary antibodies; mouse anti-TBK1 (Abcam) and rabbit anti-TRAF3 (Cell Signaling), rabbit anti-TBK1 (Cell Signaling) and mouse anti-IRF3 (Michael Gale), or mouse anti-IRF3 (Michael Gale) and rabbit anti-TRAF3 (Cell Signaling). The plus and minus (anti-rabbit and anti-mouse) PLA probes were then added to the cells and incubated in a preheated humidity chamber for an hour at 37°C. The antibodies were washed off, and a 1:5 dilution of the ligation stock (containing oligonucleotides that hybridize the PLA probes) with a 1:40 dilution of the ligase was added to the samples and left at 37°C for 30 min. This was washed off and the cells incubated with a 1:5 dilution of amplification stock and a 1:80 dilution of the polymerase for 100 min at 37°C. Cells were then mounted onto slides with Duolink mounting medium with DAPI (4=,6=-diamidino-2-phenylindole). Slides were visualized through a 60ϫ or 100ϫ 1.4-numerical-aperture (NA) oil immersion lens with an inverted Olympus IXM70 microscope and a Photometrics CoolSnap HQ2 camera. Serial optical sections (0.4 m; 7M18 sections) were acquired for all labelings, and images were then deconvolved using DeltaVision SoftWoRx software version 5.5. Three-dimensional analyses were performed after deconvolution, also using SoftWoRx software, where Z stacks were rebuilt and orthogonal views generated. The number of fluorescent puncta in three sets of 100 cell profiles were counted and expressed as mean Ϯ standard deviation.
RESULTS
Human DCs and macrophages do not produce type I or type III interferons in response to HIV-1 due to failure in IRF3 activation. Previously we have shown that both DCs and macrophages fail to produce IFN-␣ or -␤ in response to HIV-1 treatment but do express a subset of ISGs (9, 10), which was mediated by a direct effect of the virus via IRF1 and/or -7. However, it is important to exclude the possibility that novel type I IFNs or type III IFNs are involved, especially for type III IFNs, as they act predominantly at epithelial surfaces such as portals of HIV entry (31) . Therefore, MDDCs and MDMs were treated with either HIV-1 for 2 to 96 h or HSV-2 or Sendai virus for 2 to 24 h, and gene expression levels of the full complement of type I (IFN-␣, -␤, -ε, -, and -) and type III (IFN-1 to -3) IFNs were measured by qPCR (Fig. 1A) . MDDCs and MDMs did not express even basal levels of the genes encoding IFN-, -2, and -3 in response to any treatment. Both cell types expressed basal levels of the genes encoding IFN-␣, -␤, -ε, -, and -1 in mock-treated cells, which were all upregulated in response to both Sendai virus and HSV-2. However, no type I or III IFN gene upregulation was observed in response to HIV-1 in either cell type. We also confirmed our previous observation (9) that in contrast to the case for Sendai virus, IRF3 does not translocate to the nucleus in HIV-1-treated MDDCs (Fig. 1B) . Furthermore, Western blotting was used to demonstrate that IRF3 does not become phosphorylated in HIV-1-treated MDDCs (Fig. 1C) , as we have previously shown in MDMs (10) . In contrast, IRF3 does become phosphorylated in MDDCs treated with HSV-2 (within 4 to 6 h) and Sendai virus (within 24 h).
HIV-1 is sensed by human dendritic cells and macrophages, resulting in the recruitment of TBK1 signaling complexes associated with type I IFN induction. The lack of type I and III IFN induction in HIV-1-treated MDDCs and MDMs could be due to either a lack of sensing by PRRs or a direct inhibitory effect of the virus on PRR-induced signaling pathways. In these signaling pathways, TBK1 is recruited to a signaling complex which contains an E3 ubiquitin ligase (e.g., TRAF3 or -6) and a transcription factor (e.g., IRF3 or -7) (32) . Activation of such pathways can be visualized by fluorescence microscopy as TBK1 staining shifts from diffuse cytoplasmic to punctate. Thus, in order to determine if HIV-1 is sensed by MDDCs and MDMs we visualized the TBK1 distribution in response to HIV-1 and lipopolysaccharide (LPS) as a positive control (Fig. 2A) . TBK1 staining was diffusely cytoplasmic in mock-treated DCs and macrophages and became punctate within 2 h of LPS treatment and within 6 h of HIV-1 treatment, indicating that HIV-1 is sensed by these cells. Such punctate staining was observed in approximately 60% of cells (data not shown). TBK1 can recruit to a number of different signaling complexes associated with many different outcomes (33) . We therefore next used a proximity ligation assay to determine whether TBK1 became associated with a signaling complex associated with IFN induction which contains TRAF3 and IRF3 (Fig. 2B and C) in MDDCs in response to HIV-1 or Sendai virus treatment. This assay identifies proteins that are within 40 nm of each other, indicative of a physical interaction (34) . TBK1/IRF3, TBK1/TRAF3, and IRF3/TRAF3 were clearly shown to have a physical interaction after 6 h with both viruses. To confirm that direct interactions were occurring between these proteins, we also carried out a coimmunoprecipitation assay for the two most abundant proteins in the signaling complex, TBK1 and TRAF3 (Fig. 2D) . TRAF3 was clearly shown to coimmunoprecipitate with TBK1 at much greater levels in cells treated with both HSV-2 and HIV-1 than in mock-treated cells. Thus, not only is HIV-1 sensed by DCs and macrophages, but TBK1 is also recruited to signaling complexes that lead to type I IFN induction.
HIV-1 does not block IFN induction by targeting signaling proteins for proteasomal degradation. A common feature of many viruses is their ability to block IFN induction by targeting key components of IFN signaling complexes for proteasomal degradation, especially TRAF3, IRF3, TBK1, and STING (11, 35, 36) . Indeed, in T cells HIV-1 is able to target IRF3 for proteasomal degradation (24, 25) . We therefore next determined if any of these three signaling proteins were targeted for proteasomal degradation in MDDCs and MDMs in response to HIV-1 (11, 37) . As shown in Fig. 3 , all proteins were present in similar amounts in both mock-and HIV-1-treated MDDCs (Fig. 3A) and MDMs (Fig. 3B ) at all time points ranging from 6 h to 96 h posttreatment, indicating that HIV infection does not induce degradation.
TBK1 is ubiquitinated but not phosphorylated in human DCs and macrophages in response to HIV-1. IRF3 can be phosphorylated by either TBK1 or IKKε. TBK1 has been shown to be the predominant kinase in immune cells as it is expressed at much higher levels (38) (39) (40) . TBK1 must first undergo K63-linked polyubiquitination by TRAF3 followed by transautophosphorylation before phosphorylating IRF3, which then dimerizes and translocates to the nucleus. We confirmed that TBK1 was expressed at much higher levels than IKKε in MDDCs by Western blotting (Fig. 4A) . We next determined if TBK1 underwent K63-linked polyubiquitination and phosphorylation in response to HIV-1 and Sendai virus treatment in both MDDCs and MDMs. We employed an immunoprecipitation assay and showed that TBK1 underwent K63-linked polyubiquitination in response to HIV-1 in greater amounts than the Sendai virus positive control in both cell types. This was detectable by 4 h posttreatment and also at the later time points of 14 and 24 h, where greater ubiquitination was observed than in response to the Sendai virus positive control (Fig.  4B) . As a phospho-TBK1 antibody was commercially available, we next performed Western blotting and showed that there was no increase in TBK1 phosphorylation (beyond basal phosphorylation levels) in response to HIV-1 in both MDDCs and MDMs between 6 and 96 h posttreatment. In contrast, Sendai virus induced TBK1 phosphorylation by 14 h postinfection (Fig. 4C) . Thus, we identify TBK1 as an HIV-1 target in order to block IFN induction; i.e., HIV-1 blocks TBK1 phosphorylation, rendering it incapable of phosphorylating IRF3.
The HIV-1 accessory proteins Vpr and Vif form a physical interaction with TBK1. In order to identify potential HIV-1 proteins responsible for blocking IFN induction, we treated MDDCs with VSV-G-pseudotyped HIV-1 with the Vpr, Vif, and Vpu accessory proteins deleted and then measured IFN-␤ gene induction in these cells. Vpr, Vif, and Vpu have previously been shown to play a role in inhibiting IFN induction in T cells (9, (23) (24) (25) . MDDCs treated with the Vpr and Vif (but not Vpu) deletion mutants all responded by inducing some IFN-␤ gene expression (Fig. 5A) , implying that both of these HIV-1 accessory proteins may play a role in inhibiting type I IFN induction. We hypothesized that the most likely mechanism by which this occurs is via an interaction between one or both of these proteins with TBK1, inhibiting autophosphorylation in the presence of ubiquitination. The most likely candidate was Vpr, as it is present at higher levels in the HIV-1 virion than the other accessory proteins. We therefore carried out coimmunoprecipitation assays in HEK293T cells transfected with plasmids encoding TBK1 and green fluorescent protein (GFP)-tagged Vpr. When we mixed the lysates and immunoprecipitated TBK1, we found that Vpr coimmunoprecipitated with TBK1 (Fig. 5B) , suggesting an interaction between TBK1 and Vpr. We next carried out this experiment in a more physiological setting by using the HIV-1 BaL genome rather than a Vpr expression vector. Critically, we again observed Vpr coimmunoprecipitation with TBK1 from these mixed cell lysates. Furthermore, we observed that the Vif protein also coimmunoprecipitated with TBK1 but that the Nef protein did not (Fig. 5C ).
DISCUSSION
This study followed from our previous studies with human DCs (9) and macrophages (10) and investigated the mechanism by which HIV-1 blocks type I and III IFN induction in these cells.
Despite demonstrating that both cells do detect the virus and initiate PRR-induced IFN-stimulating signal transduction pathways, we confirmed that both cells types fail to produce type I and III IFNs basally or in response to HIV-1. This inhibitory effect is not dependent on strain differences or on envelope, as we previously showed similar responses with HIV BaL and VSV-G-pseudotyped NL43 strains (9) . The precise stage in the type I and III IFN signaling pathway targeted by HIV-1 to block the induction of these IFNs was then defined; i.e., HIV-1 blocks the phosphorylation of TBK1 after its polyubiquitination. Finally, we showed that deletion of two viral accessory proteins (Vpr and Vif) from the viral genome results in a virus that stimulates detectable type I IFN induction. Importantly, both Vpr and Vif interact with TBK1, providing a mechanism for immunomodulation of IFN induction. We propose that Vpr and Vif binding of TBK1 disrupts TBK1 transautophosphorylation (15) and subsequent IRF3 phosphorylation, nuclear translocation, and induction of type I/III IFN gene expression. This study therefore shows for the first time the mechanism by which HIV directly blocks the IFN induction pathway in myeloid cells.
IFN-, -1, and -2 were also not induced in DCs or macrophages in response to HSV or Sendai virus. Lack of expression of IFN-is consistent with the fact that it is expressed and secreted predominantly by keratinocytes (41) . Although one study did detect very low basal expression of IFN-mRNA in MDDCs, IFN-␥ (a known inducer of IFN-) did not upregulate its expression (42) . Similarly, IFN-s are reported to be expressed by epithelial cells of the anogenital and respiratory tracts rather than by immune cells (43) . For example, murine macrophages express high levels of type I IFNs but not type III IFNs in response to HSV, consistent with our findings (44) . Apart from IFN-, we found that all other type I IFN genes were upregulated in response to HSV-2 and Sendai virus and also, interestingly, IFN-1. Upregulation of the IFN-␣, -␤, and -genes is not surprising, as they are well characterized to be released during innate immune activation and promote antiviral responses (45) . The finding that IFN-ε was upregulated in both MDMs and MDDCs in response to HSV-2 and Sendai virus is of more interest, however, as in mice this IFN cannot be induced through any known pathogen-induced PRR pathway and is instead hormonally regulated (46) . To our knowledge, this is the first description of IFN-ε being induced in immune cells in response to pathogens.
TBK1 is a node protein involved in both IFN and NF-B signaling pathways and is recruited to a number of signaling complexes, resulting in a variety of outcomes other than IFN induction (32) . Therefore, we used a proximity ligation assay and a coimmunoprecipitation assay to confirm that TBK1 formed an IFN-inducing signaling complex with TRAF3 and IRF3. These observations using natural HIV-1 infection are important to confirm studies with nonphysiologically large inputs of purified genomic HIV-1 RNA, which has been previously shown to induce RIG-I signaling pathways in macrophages (47) . We next examined whether HIV-1 proteins block the induction of type I and III IFNs. In HIV-1-treated T cells, which also fail to produce type I IFNs, Vpr, Vif, and Vpu have all been implicated in the process by targeting IRF3 to either the proteasome (Vpr and Vif) or possibly the lysosome (Vpu) for degradation (22) (23) (24) (25) (26) . We have previously shown that IRF3 is not targeted for degradation in either DCs or macrophages in response to HIV-1 but that it does fail to translocate to the nucleus (9, 10) . We therefore wondered if HIV-1 targets other components of IFN signaling complexes for degradation, namely, TBK1, TRAF3, and STING (Fig. 3) , as all of these proteins are known to be degraded in response to viral infections (11) . However, none of these proteins were degraded in response to HIV-1 infection at any time point ranging from 6 to 96 h.
Following the formation of the TRAF3-TBK1-IRF3 IFN-inducing signaling complex, TBK1 undergoes K63-linked polyubiquitination on lysine residues 30 and 401 by TRAF3, which is a prerequisite for its subsequent transautophosphorylation (15) . The leader proteinase of foot-and-mouth disease virus (35) and the PLP2 protein of murine hepatitis virus (48) are both known to block IFN induction by deubiquitinating TBK1, so we next investigated whether TBK1 is ubiquitinated in HIV-1-treated DCs and macrophages (Fig. 4B) . In both cell types, ubiquitinated TBK1 was detected by 4 h after HIV-1 treatment continuing to 24 h, so we next determined if TBK1 became phosphorylated. Strikingly, in contrast to the Sendai virus positive control, TBK1 failed to be phosphorylated in both cell types in response to HIV-1, even as late as 96 h posttreatment. Thus, the precise point in the signaling pathway at which HIV-1 blocks IFN induction was defined.
The most likely explanation for HIV-1 blocking the phosphorylation but not ubiquitination of TBK1 was a physical interaction between an HIV-1 protein(s) and TBK1. These were first identified by infecting DCs with mutant HIV-1 viruses with the likely candidates Vpr, Vif, and Vpu accessory protein deleted. MDDCs infected with Vpr and Vif deletion mutants were able to partly restore IFN-␤ expression, but not those infected with the Vpu h and IFN-␤ gene expression levels determined by qPCR. Data were normalized to GAPDH expression and are represented as the log 2 fold change of the ratio of mean HIV-1 treatment values to mean mock control values (mean Ϯ SEM, n ϭ 5) (P values were calculated using a paired two-tailed t test: *, P Ͻ 0.05 **). (B and C) HEK293T cells were mock transfected or transfected with mammalian expression vectors encoding TBK1 or Vpr-GFP (B) or TBK1 or HIV-1 BaL provirus (pBaL) (C). The TBK1 and Vpr-GFP (B) or TBK1 and pBaL (C) cell lysates were then mixed, and a coimmunoprecipitation assay was then carried out using an antibody to TBK1, which was left overnight. Western blotting was then conducted on the immunoprecipitated TBK1 complex, and the blots probed for TBK1 and Vpr (B) and TBK1, Vpr, Vif, and Nef (C). The data presented are representative of three experiments. deletion mutant. The inhibitory effects of Vpr and Vif were similar to their effects in T cells (24, 25) but were mediated by a completely different mechanism. In contrast to one study in T cells (23) , but in agreement with another (26) , the Vpu deletion mutant was not able to induce IFN induction in DCs. As shown by immunoprecipitation, both Vpr and Vif formed physical interactions with TBK1. This strongly suggests that these proteins are able to bind TBK1 and block its phosphorylation. Several viruses have evolved to block IFN induction by interfering with the TRAF3-TBK1-IRF3 signaling complex via a physical interaction with a virally encoded protein. Examples include the porcine epidemic diarrhea virus N protein (49) , the severe acute respiratory syndrome (SARS) coronavirus M protein (16, 19) , the hepatitis C virus NS2 protein (17), the Ebola virus VP35 protein (50) , and the rabies virus phosphoprotein P (20) . However, none of these studies have reported a specific interaction of the viral protein with TBK1 but rather have reported that the formation or function of the signaling complex is prevented. Thus, it appears that HIV-1 has evolved a novel mechanism to block IFN induction in myeloid cells which differs from that in T cells. While these studies represent, to our knowledge, the first mechanistic definition of immunomodulation of innate immune responses in myeloid cells by HIV-1 proteins Vpr and Vif via targeting of TBK1, future studies are required to precisely define the molecular regions interacting between TBK1 and Vpr or Vif and the reasons for the differences in HIV-1 blocking of IFNs in myeloid and lymphoid cells.
Our results may appear to be in conflict with those showing that reversal of inhibition of HIV reverse transcription by SAMHD1 in MDDCs by Vpx restores interferon production (51, 52) , overwhelming any potential viral inhibitory mechanisms. However, increasing the MOI of the HIV inoculum to obtain infection of up to 30% of DCs in the cell culture does not induce interferon (A. N. Harman et al., unpublished data). This apparent paradox can be explained by a balance of increased delivery of HIV RNA and then DNA, which increases interferon stimulation (through DNA sensors like cGAS) while at the same time increasing the virion delivery of Vpr/Vif for inhibition of TBK activation. This is quite different from increasing the DNA/RNA sensor stimulation without increased Vpr/Vif delivery through knockdown of SAMHD1.
These results may appear paradoxical in view of recently reported studies in SIV-macaque models which show an important role of IFN-␣ in controlling SIV at early stages of infection and of the relative interferon resistance of transmitted founder strains in humans (53, 54) . However, there is evidence that this IFN-␣ is produced by locally infiltrating cells, especially plasmacytoid DCs (55, 56) , probably compensating for inhibition of IFN-␤ production by initially HIV-infected myeloid DCs and/or macrophages during penetration of anogenital mucosa. The initial expansion of HIV in these interferon-deficient cells may actually assist in development of IFN-␣-resistant mutants. Thus, our studies may have practical significance for HIV-1 infection of DCs and macrophages in the mucosa or where macrophages are the major reservoir of infection, such as brain and bone marrow. In both settings, reversing the inhibition of IFN-␤ induction by HIV-1 may reduce spread. In mucosal DCs this may restore an early IFN barrier to mucosal HIV-1 penetration by creating a tighter bottleneck to prevent the development of IFN-␣-resistant HIV-1 mutants.
The MDDCs used here most closely resemble CD14 ϩ lamina propria/dermal DCs in vivo (2) . Resident tissue macrophages, including microglial cells, are acquired prenatally, whereas infiltrating macrophages are derived from blood monocytes (such as the MDMs used here). In addition, alteration in macrophage phenotype by the cytokine environment toward M1 and then M2 polarization has been postulated to occur during HIV disease progression (57) . Indeed, the plasticity of macrophages is even greater than this (58) . M1/M2a polarization leads to decreased HIV replication (59, 60) . However, there is substantial productive infection with HIV in (M0) MDMs cultured in human serum in vitro, and this is similar to that in ex vivo "resting" microglial cells (61) , so these MDMs do provide a reasonable model. Furthermore, the mechanism of IFN inhibition was similar in both MDMs and MDDCs (derived by granulocyte-macrophage colony-stimulating factor [GM-CSF]/interleukin-4 [IL-4] stimulation), so it is likely to be common in myeloid cells. Nevertheless, future studies will aim to confirm our findings in authentic tissue DCs and macrophages.
